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Abstract
An experimental opportunity is presented for the future to mea-
sure possible P- and T-non-invariant axion-like interaction be-
tween nucleons in a Fm range. This interaction may be searched
for in the measurement spin-dependent asymmetry of scattering
of polarized neutrons in a keV-MeV energy range by heavy nu-
clei.
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1 Introduction
Possible new hypothetical interactions coupling mass to particle spin were dis-
cussed in a number of papers [1–3]. At the same time, there are serious theoretical
arguments that there may exist scalar or pseudoscalar, vector or pseudovector,
weakly interacting bosons. Generally the proposed models can not predict the
masses of these particles and their coupling to nucleons, leptons, and photons.
The most popular and actively discussed possibility for the existence of new
light particles is a pseudoscalar boson - axion [4]. Its existence provides attractive
solution of the strong CP problem [5].
The original ”standard” axion model [4] gave strict predictions for the mass of
axion and coupling constants between axions and other particles but was disproved
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by experiments.
New theoretical models of ”invisible” axions: ”hadronic” or KSVZ [6] and
DFSZ [7] protected axion from existing experimental constraints suppressing their
interaction with matter, but retaining at the same time possibility of solution of the
strong CP problem.
In all these models of pseudo-Goldstone boson, the masses and coupling con-
stants are determined by one constant fa – the scale of the global U(1)P−Q –
Peccei-Quinn symmetry breaking, and axion may have mass in a very large range:
(10−12 < ma < 106) eV. Current algebra relates the masses of the axion and neu-
tral pion: mafa = mpifpi
√
z/(z + 1), where z = mu/md = 0.56, fpi ≈ 93 MeV,
mpi = 135 MeV, so that ma (eV)≈ 6 × 106/fa (GeV). The coupling of the axion
with a fermion with mass mf can be in general expressed as gaff = Cfmf/fa,
where Cf is the model dependent factor [8, 9].
Numerous nuclear transition, weak decays, reactor, and beam-dump experi-
ments have placed limits on the axion mass and coupling constants. The most
stringent limits, especially from the lower side of the axion mass range, have
been set on the existence of axion using astrophysical and cosmological argu-
ments [8–10]. Most recent constraints limit the axion mass to rather low values:
(10−5 < ma < 10−3) eV with very small coupling constants to quarks and photon.
Axion is still one of the candidates for the cold dark matter of the Universe [11].
These limits are more strong than are reached in laboratory experiments. Nev-
ertheless it is of interest to try to constrain the axion using laboratory means be-
cause interpretation of laboratory experiments depend on less number of assump-
tions than the constraints inferred from astrophysical and cosmological observa-
tions and calculations.
On the other hand the direct experimental constraints on the axion-like interac-
tion may be useful for limiting more general class of bosons and spin-dependent
interactions irrespective to any particular theoretical model.
Other models proposed to solve the strong CP problem come from the idea of
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mirror world [12] and super-symmetry [13]. These models allow for existence of
pseudoscalars with much larger masses.
Various unifications of Standard Model predict new vector and pseudovector
weakly interacting bosons [14, 15].
New possible experimental schemes for the search for these particles with
masses from a few Mev are discussed [16, 17] and old experimental data are re-
processed [18].
On the other hand some experimental evidence of existence of scalar or pseu-
doscalar particles in the mass range from one to dozens MeV appeared last years
in a number of publications.
Measurements of electron-positron pair production by high energy particles
in emulsions yielded significant excess of events with angles between electron
and positron tracks larger than predicted from QED calculations of external pair
production by photons (see recent reanalysis and review article [19] and references
therein). The deviation was interpreted as decays of neutral bosons with lifetimes
between 10−16 and 10−14 s. Probable mass of these particles was found to be
between 1.5 and 30 MeV. Additional evidence in favor of existence of neutral
bosons in this mass range comes from the investigation of internal pair conversion
in decays of excited states of light nuclei (references can be found in [19]).
Particles with mass in a MeV range are considered [20, 21] as possible dark
matter candidates in connection with the observed 511 keV gamma-ray line from
the galactic center [22].
Berezhiani and Drago [23] in attempt to resolve puzzles of giant gamma- ray
bursts assumed the existence of pseudo-Goldstone bosons heavier than already
constrained light axion. They found that pseudoscalars in a mass range 0.3 MeV<
ma < few MeV can provide mechanism for the cosmic gamma-ray bursts. Their
approach was purely phenomenological, considering masses ma and couplings
gaγ, gaN , gae as independent. These ”large” masses are not excluded by laboratory
experiments or astrophysical calculations based upon stellar evolution models.
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Laboratory search for weakly interacting neutral pseudoscalar particles in beam-
dump experiments (for review see [8]) is based on production and subsequent de-
cay of these particles: pi+ → e+ + νe + a (a→ e+e−), K+ → pi+ + a (invisible),
B+ → K+ + a (invisible), J/ψ → γ + a (invisible), Υ → γ + a (invisible) and
includes assumptions on decay properties of these particles.
Very recently Gninenko [24] considered the experimental data on the radiative
decays of neutral pi-mesons in a hypothetical mode pi0 → γX , where X is a new
boson in a MeV mass range to constrain the coupling of X with ordinary matter.
Decays φ→ ηU with the following decayU → e+e−, where U is pseudovector
boson with mass mU > 5 MeV were used in [25] to limit interaction strength of
these particles.
Searches of axions with an energy of 5.5 MeV produced in the p(d,3He)a
reaction in the Sun were performed in [26, 27]. The range of axion mass has
been extended in these works to 5 MeV. The axion detection scheme used in these
studies includes Compton→axion conversion a+e→ e+γ, the axio-electric effect
a + e + Z → e + Z and axion→photon conversion a + Z → γ + Z (Primakoff
process).
We consider here possible low-energy (below 1 MeV) polarized neutron-nucleus
scattering experiment sensitive to the axion-like interaction in the range λ =
h¯/(mac)÷ (10−13 − 10−9) cm.
In the nucleon-nucleus scattering approach no assumption is made on decay
properties of particles or their interaction with leptons and photons.
2 Monopole-dipole interaction
A P- and T-odd monopole-dipole interaction potential between spin and matter
(polarized and unpolarized nucleons) has a form [28]:
U(r) = (σ · n)gsgph¯
2
8pimn
(
1
λr
+
1
r2
)
e−r/λ, (1)
4
where gs and gp are dimensionless coupling constants of the scalar and pseu-
doscalar vertices (unpolarized and polarized particles), mn is the nucleon mass
at the polarized vertex, σ is vector of the Pauli matrices related to the nucleon
spin, r is the distance between the nucleons, λ = h¯/mac is the range of the force,
ma is the axion mass, and n = r/r is the unit vector.
In the notations of the general classification of all possible interactions between
two nonrelativistic spin 1/2 particles [29] this potential is of the type V9,10.
The neutron-nucleus scattering amplitude following from the interaction of Eq.
(1) is
fa(q) = −igsgpNσ · nq
4pi
qλ2
1 + (qλ)2
, (2)
where q is the neutron scattering vector, nq = q/q is the unit vector, q =
2 k sin(θ/2), the neutron wave vector in the center of mass system k(F−1) =
2.1968 × 10−4 AA+1E1/2n , the neutron energy En in the lab. system in eV, and N is
the nucleon number in the nucleus.
This amplitude is maximal at q = 1/λ and is
fa(λ) =
±igsgpNλ
8pi
, (3)
the sign depending on the sign of the scalar product σ · nq.
The observable in a polarized neutron-nucleus scattering test of monopole-
dipole interaction is the left-right or forward-backward spin-dependent asymmetry
of scattering of transversely or, respectively, longitudinally polarized neutrons.
Neutrons with energies in the range (10 < En < 106) eV correspond to the λ
range in Eqs. (2) and (3): (3 < λ < 103) F, and ma range (0.2 < ma < 70) MeV.
The low-energy neutron-nucleus scattering amplitude is
f(q) = f0(q) + f1(q) + fSch(q) + fn−e(q) + fp(q) + fa(q), (4)
where f0(q) is the amplitude of s-scattering, f1(q) is the amplitude of p-scattering,
fSch is the amplitude of electromagnetic (Schwinger) scattering of the neutron mag-
netic moment in the Coulomb field of the nucleus, fn−e is the amplitude of the
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neutron scattering by atomic electrons, fp is the amplitude of neutron-nucleus
scattering due to the neutron electric polarizability, fa is the amplitude of a hy-
pothetical long-range spin-dependent neutron-nucleus interaction. Higher neutron
angular momenta were neglected in this expression.
As is known small scattering amplitudes fn−e and fp are determined experimen-
tally through their interference with the real part of the neutron-nucleus scattering
amplitude [30].
Our approach to search for the contribution of axion-like interaction to the po-
larized neutron-nucleus scattering consists in the interference of imaginary fa am-
plitude of Eqs. (2) and (3) with imaginary part of the neutron-nucleus scattering
amplitude.
In what follows we omit spin-independent small terms fn−e and fp. The Schwinger
amplitude is imaginary and does not depend on energy [31]:
fSch = i
µnZe
2
2mnc2
(σ[kk0])
kk0
ctg(
φ
2
). (5)
Here Z is the nuclear charge, k0 and k are the incident and final neutron wave
vectors, µ0 is the neutron magnetic moment in nuclear magnetons eh¯/(2mc), and
φ is the neutron scattering angle.
Interference of the Schwinger amplitude with imaginary part of the neutron-
nucleus scattering amplitude can imitate effect of the axion-like interaction in a
measurement of left-right spin-dependent scattering asymmetry of transversely
polarized neutrons at non-perfect symmetry of the neutron detectors in respect
to the plane determined by the vectors k0 and σ. In the measurement of spin-
dependence of forward or backward neutron-nucleus scattering of strongly longi-
tudinally polarized neutrons the contribution of the Schwinger scattering to spin-
dependent effect is zero.
The scattering cross-section has the form
dσ±
dΩ
≈ |Ref0 + i · Imf0 +Ref1 + i · Imf1 ± i · |fa||2 ≈
≈ (Ref0 +Ref1)2 + (Imf0 + Imf1)2 ± 2 (Imf0 + Imf1) |fa|
6
≈ σtot
4pi
± 2 (Imf0 + Imf1) |fa| = σtot
4pi
± 2 Imf |fa|. (6)
This expression is approximate because exact geometry of the measurement is
not specified here. Scattering-angle-dependent contribution of p-scattering ampli-
tude f1 is a function of the detectors position: whether transverse or longitudinal
spin-dependent scattering asymmetry is measured of, respectively, transversely or
longitudinally polarized neutrons and the solid angle of detectors.
3 Spin-dependent scattering asymmetry
From the spin-dependent scattering asymmetry determined as
A =
dσ+/dΩ− dσ−/dΩ
dσ+/dΩ + dσ−/dΩ
,
we have
A =
dσ+/dΩ− dσ−/dΩ
dσ+/dΩ + dσ−/dΩ
=
8piImf · |fa|
σtot
= gsgp
Imf ·Nλ
σtot
= gsgpBλ, (7)
where B = Imf · N/σtot is the sensitivity of the measurement, one can find the
product of the coupling constants:
gsgp = A
σtot
Imf ·Nλ =
A
Bλ
. (8)
The order of magnitude estimate gives gsgp = A/λ (Fm), if σtot=10 b, Imf=5
Fm, N=200.
To calculate the real and imaginary parts of the neutron-nucleus scattering am-
plitudes we use the following formalism:
f0 =
i
2k
(1− S0), (9)
where S-matrix
S0 = e
2iδ0
(
1−∑
j
igjΓnj
(E − Ej) + iΓj/2
)
. (10)
Γnj = Γnj(Ej)k/kj, Γj = Γnj + Γγj, and gj are the neutron widths, the total
widths, and the statistical weights of j-th s-resonance.
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Upon introducing
∑
(1) =
∑
j
2
kj
gjΓnj(E − Ej)
4(E − Ej)2 + Γ2j
, (11)
and ∑
(2) =
∑
j
1
kj
gjΓnjΓj
4(E − Ej)2 + Γ2j
, (12)
the real and the imaginary parts of the nuclear scattering amplitude are
Ref0 =
sin(2δ0)
2k
− cos(2δ0)
∑
(1)−sin(2δ0)
∑
(2) (13)
and
Imf0 =
sin2δ0
k
+ cos(2δ0)
∑
(2)−sin(2δ0)
∑
(1) . (14)
The p-scattering amplitude is
f1 =
i
2k
(1− S1), (15)
S1 = e
2iδ1
(
1−∑
j
igjΓnj
(E − Ej) + iΓj/2
)
. (16)
where Γj = Γnj + Γγj, and Γj, Γnj, Γγj, and gj are the total width, the neutron
width, the gamma-width and the statistical weight of j-th p-resonance.
Γnj =
k
kj
Γnj(Ej)
v1j
v0j
, (17)
where
v0j =
(kjR)
2
1 + (kjR)2
, v1j =
(kR)2
1 + (kR)2
. (18)
The phase of p-scattering
δ1 = −kR + arctg(kR) + arcsin
[
k
3
· (kR)
2
1 + (kR)2
(R−R′1)
]
, (19)
where R is the channel radius, R
′
1 is the p-wave scattering radius. The summation
in Eqs. (10-16) is performed over all known s- and p-resonances [32].
Due to the presence of numerous resonances in the neutron-nucleus scattering
and interference of potential and resonance amplitudes the sensitivity B(En) fluc-
tuates reaching significant values in narrow energy intervals, where the total neu-
tron cross section is small. Figs. 1 and 2 show the calculated s- and p-scattering
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amplitudes for 207Pb, and Fig. 3 illustrates the sensitivity factor B(En) for this
nucleus as a function of energy.
Strong fluctuation of the sensitivity in accordance with fluctuations of imagi-
nary part of the nuutron-nucleus scattering amplitude gives opportunity to search
for the spin-dependent scattering asymmetry in time-of-flight mode without spe-
cial measurement of the background effect. With B=10 Fm−1 and measured asym-
metry A = 10−4 the limit on gsgp may be obtained at the level 10−6 at λ = 10
Fm.
Weak interactions violating P and T symmetries may imitate discussed effects
of spin-asymmetries in polarized neutron - unpolarized nucleus scattering. Esti-
mates of these effects are contained in [33, 34] (see also the recent book of Bara-
banov [35]). It was shown that even in p-resonances at low energies, where weak
interaction effects are largest due to mixture of p- and s- resonances in weak inter-
actions, the value of asymmetries is small: ∼ 10−8− 10−7. Far from p-resonances
the effect should be orders of magnitude lower.
The neutron crystal-diffraction method was proposed recently in [36] to search
for the short-range spin-dependent axion-like nucleon-nucleon interactions. It is
based on the measurement of spin rotation of thermal neutrons passing through
a non-centrosymmetric crystal. Their constraints on axion-like interactions fol-
lowed from the results of their test search for the neutron EDM performed with the
same method. They obtained the most stringent current limits: the product of the
scalar and pseudoscalar constants of the axion-nucleon interactions gsgp ≤ 10−12
for the interaction range λ ≥ 10−8 cm and gsgp ≤ 3× 10−29/λ2 for λ ≤ 10−9 cm
with expected significant progress in future measurements.
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